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Abstract. 
We have examined the reforming of methanol and CO on Pd/P25 TiO2 catalysts for 
hydrogen production, and compared it with rates for similarly supported Au and Cu 
catalysts. Both reactions proceed, but the photocatalytic water gas shift reaction is much 
slower than for methanol reforming. CO2 is evolved as expected, but the yields can be much 
lower than for the expected stoichiometry (CH3OH + H2O à CO2 + 3H2). We show that this is 
due to dissolution of the carbon dioxide into the aqueous phase. We have also carried out 
both reactions in the gas phase. Both proceed at a higher rate in the gas phase, and for 
methanol reforming, there is some CO evolution. In H2 + CO2 reactions, there is little sign of 
the reverse water gas shift reaction, but some photo-methanation does occur. Of the three 
catalysts Pd is the best for the methanol reforming reaction, while Au is best for the water 
gas shift. Nonetheless, Cu works reasonably well for methanol reforming and makes a much 



















































































The use of fossil fuels since the industrial revolution has increased the levels of CO2 in 
the atmosphere from 280 ppm to over 400 ppm now. 1 CO2 is a greenhouse gas and so with 
increasing CO2 levels, the temperature of the Earth has increased, global warming. It is fossil 
fuels which mainly produce this extra CO2, and so alternative, greener energy resources are 
being developed. The main one of these is hydrogen, produced using renewable energy via 
water splitting, usually by electrolysis.2 The problem then is that hydrogen storage is 
expensive and as a gas it has low volume energy density. Hence there is a drive to store this 
energy in a denser liquid form, such as methanol, or maybe ammonia. Methanol is said to be 
“the next chemical vector” after petrol as it is compatible with the existing petroleum 
infrastructure.3,4  
Electrolysis is extremely expensive and generally does not benefit from scale cost 
reductions. Hence the interest in a more direct way of making hydrogen, and the direct use 
of photocatalytic water splitting is an interesting possibility. However, the thermodynamics 
indicate that this is extremely difficult (gas phase DH0 = 242 kJ/mol, DS0 = 44 J/K/mol; liquid 
phase DH0 = 286 kJ/mol, DS0 = 163 J/K/mol) 5, though some claim to be able to directly split 
water with complex catalysts, using visible light, though under vacuum conditions.6-8  
As a result, much of the work in this area involves the addition of sacrificial agents as 
hole scavengers, in order to make hydrogen production more feasible. Using methanol as a 
sacrificial agent for photocatalytic methanol reforming was first achieved in 1980 by Kawai 
and Sakata where hydrogen was produced using metal loaded titania.9 This work was 
continued using IR spectroscopy to study the mechanism of photocatalytic methanol 
reforming by Kawai et al. in 1983. 10 The proposed mechanism is shown below in reaction (1) 
and (2). It was concluded that the presence of CO2 indicated that water was split.  
CH3OH → CH3O (ads) + H (ads)    (1) 






































































CH3O (ads) + H2O → CO2 (g) + 5/2 H2 (g)   (2) 
More recently, Bowker et al. proposed a full mechanism for photocatalytic methanol 
reforming on Pd/TiO211-15, which is summarised in fig. 1. A low rate dependence on methanol 
concentration was found, indicating a near zero-order dependence on methanol 
concentration which was attributed to saturation type kinetics (Langmuir Hinshelwood 
model). The mechanism involved decarbonylation of methanol on Pd to liberate hydrogen in 
a thermal reaction with the surface which leaves CO adsorbed on the metal, at which point 
reaction stops without light. Upon light exposure active oxygen (the hole, O-, produced by 
electron-hole pair excitation) is produced on the support TiO2 which removes CO from the 
metal and hence sustains steady-state CO2 and H2 production. In this condition, methanol is 
continuously adsorbing on the metal, decomposing to adsorbed CO and gas phase hydrogen, 
and the CO is being removed by the active oxygen (the holes) created on the titania by 
electron-hole pair excitation. 
 
Figure 1. A schematic model of methanol photo-reforming on metal/titania catalysts. 
 
The oxidising species was suggested to be OH-, OH• or O•. 15 In a recent study by 
Nomikos et al. it was suggested that formic acid and formaldehyde stay adsorbed to the 
photocatalyst until full decomposition and oxidation to CO2. 16  
Methanol is known to adsorb to metal oxides via the methoxy species.17 Methanol 
readily produces formaldehyde under UV illumination.18,19 Decomposition to formaldehyde 








































































has been investigated by FTIR spectroscopy and the proposed mechanism is shown below in 
reactions (3), (4) and (5). 20 
CH3OH → CH3O- (ads) + H+         (3) 
CH3O- (ads) + H+ → CH3O• (ads)          (4) 
CH3O• (ads) + h+ → CH2O (ads) + H+        (5) 
It was suggested that the formaldehyde species does not desorb but undergoes further 
oxidation using surface oxygen ions (O(s)) to form dioxymethylene, reaction (6). 
 CH2O (ads) + O (s) → H2CO2 (ads)          (6) 
Dioxymethylene can then further consume photogenerated holes to produce formic acid and 
release photons. Finally the surface formic acid can be decarbonylated via the photo-Kolbe 
reaction, 7, 21, 22 resulting in CO2 and H2 as shown in reaction (7). 
H2CO2 (ads) + h+ → HCOO (ads) + H+ → CO2 + H2       (7) 
Intermediates have been reported for steam photo-reforming of methanol and the 
photo oxidation of methanol. Formaldehyde, formic acid and CO were detected for steam 
photo reforming. 23 Formaldehyde and formic were reported for photo-oxidation. 24 Phillips 
et al have shown that methyl formate can be produced by photo-xoxidation and that the 
holes are pivotal to the reaction25. In both that paper and that of Setvin et al methyl formate 
can be produced by reaction of formaldehyde and methoxy units under illumination and holes 
or surface hydroxyl groups determine the reaction pathways26 It is certainly the case however, 
that if species such as formic acid or formaldehyde are present in solution, they must be there 
at a low level, since the former decomposes to CO2 and H2 without light and the latter is 
converted photocatalytically at a similar rate to methanol11 
It must be noted that many other oxygen containing compounds have been used for 
photocatalytic hydrogen production including ethanol27, n-butanol28, glycerol29,30, and sugars 
such as glucose, and rules which dictate their efficacy have been defined31.  
There is another important reaction related to methanol reforming (equation 8) and 
that’s the so-called water-gas shift reaction (WGS, equation 9) -  
CH3OH + H2O à CO2 + 3H2,   (DHr0 = 50 kJ/mol;  DSr0 = 175 J/K/mol )5   (8) 
CO + H2O à CO2 + H2,   (DHr0 = -39 kJ/mol;  DSr0 = -42 J/K/mol)5    (9) 
This reaction is also considered here, since both reactants are produced during the reaction 
and the formation of products in this way is not so often reported. So, the aims of this paper 
are to report investigations into the photocatalytic water gas shift reaction and to what extent 








































































it can be used to produce H2, together with considerations of what role, if any, the WGS might 




Metal deposition was carried out using the incipient wetness technique. PdCl2 (Sigma 
Aldrich) was dissolved in the appropriate amount of deionised water and 2 drops of HCl 
added. The solution was added slowly to P25 TiO2 with stirring. The catalyst was then dried 
at 120 ⁰C for 2 hours, then calcined at 400 ⁰C for 3 hours and was finally ground and passed 
through a 53 μm sieve to ensure a small particle size.  The P25 is a mix of ~20% rutile, with 
the majority being anatase, and the Pd nanoparticles are too small to be seen in our electron 
microscope (and that is also reported by others32, 33) and XRD at this loading. However at 0.6% 
loading using sol immobilisation methods, the particles have an average size of around 3nm34, 




This comprised a photoreactor, light source and analysis was by gas chromatography 
(GC). The photoreactor involved using a Pyrex two necked flask, one for purging with nitrogen 
and the other for sampling. The size of vessel was 200 mL in total and the thickness of the 
glass was 2 mm (minimising light absorption). The vessel was clamped above a hot plate so 
that the reaction could be stirred and heated if necessary. The light source was placed 30 cm 
away from the front of the vessel. The reactor and lamp were placed inside a black Perspex 
box to minimise interference from other light sources and light emission into the laboratory. 
Samples were taken at regular intervals from the reactor before, during and after the 
experiment and analysed using a GC. 
In the reaction vessel, the catalyst (0.2g) and deionised water (usually 100 mL) were 
purged with nitrogen for 30 mins to remove oxygen and other gases. The alcohol (0.00247 
mol) was added to the reaction mixture via syringing through a rubber bung. The mixture was 
stirred using a magnetic stir bar. The lamp was then turned on illuminating the front of the 
flask. 0.2 mL samples were taken every 30 minutes and analysed using a GC to detect 







































































hydrogen. Some reactions required another GC to detect CO2, CO and CH4. For gas phase 
reactions the catalyst (0.2 g) was fixed on to a glass slide and secured above the water (usually 
10 mL) and alcohol (usually 0.0024 mol) mixture.  
A Xenon arc lamp (Oriel Model No: 6271) was used to replicate sunlight in the 
photocatalytic experiments. The lamp along with the ignitor, condensing optics, rear reflector 
and lamp cooling fan were placed in an arc lamp housing (Oriel Model No: 66921). This was 
then connected to a power supply (Newport Model No: 69920). 
Gas chromatography was used to identify and quantify the products from 
photocatalytic reactions. Samples were taken before, during and after reaction using a gas 
syringe. Two GCs were used during this study to analyse hydrogen production. The first was 
a Varian 3300 using a 2 m long, molecular sieve, 13X column and a TCD. When this GC became 
inoperable analysis was continued using a Perkin Elmer Clarus 480 equipped with a 2 m x 1/8 
in, silicostel molecular sieve and TCD. 0.2 mL was extracted from the reaction system using a 
gas tight syringe (from SGE) and injected into the GC. The column used was capable of 
separating hydrogen, oxygen, nitrogen and CO. Due to the difference in thermal conductivity 
between argon and hydrogen, argon was used as the carrier gas.  
To measure other gaseous products and liquid products a Perkin Elmer Clarus 480 was 
used. This system was equipped with two detectors; a TCD and FID. The method for analysing 
other gas samples was the same as for hydrogen but using a different column and carrier gas. 
The column used was a 5 ft x 1/8 in x 2.1 mm SS (Suplico Analytical) and the carrier gas was 
helium.  
Some of the experiments were carried out in a different reactor (fig. 8). Catalysts 
were tested for photocatalytic water-gas shift activity in a windowed autoclave with an 
internal volume of 16 cm3. 20 mg of catalyst was dispersed in deionised water via sonication 
for 30 mins, with the dispersion then being transferred to a quartz disc and dried for 1h at 
110 °C. The system was purged with flowing nitrogen (20 ml min-1, 30 mins) and then the 
reactants were supplied by flowing CO through a water bubbler (20 ml min-1, 30 mins). The 
system was then sealed and illuminated using a QuantumDevices Xe Arc Lamp solar 
simulator with a power of approximately 100 mW cm-2 for 2h. The products were collected 
and analysed offline by a Bruker RGA GC with channels for hydrogen detection, permanent 
gas detection, and hydrocarbon detection. 







































































Results and Discussion 
Methanol photo-reforming 
The proposed overall reaction scheme for methanol reforming is shown in reaction 8 
and figure 1 above. 11-14 The stoichiometric relationship between hydrogen and carbon 
dioxide is 3 moles H2 to 1 mole of CO2.  
The yield of hydrogen and carbon dioxide was monitored over time to establish 
whether the reaction followed this stoichiometry, see fig. 2. Both H2 and CO2 are produced at 
a steady rate, though there may be some short induction time before CO2 is seen. The 
presence of CO2 suggests that water has been split according to the reaction and is further 
evidence of the mechanism proposed by Bowker et al. 11-14 After 3 hours of reaction, 10.7 mL 
of H2 has been evolved but only 1.3 mL of CO2. The H2:CO2 ratio here is much higher than the 
expected 3:1. High H2:CO2 ratios have been reported in the literature and it was suggested 
that it was due to incomplete oxidation of CO2 with CO being detected.36 During this 
experiment, however, no CO was detected suggesting that either CO is still adsorbed on the 
palladium surface or complete oxidation occurred only producing CO2. We suggest that the 
cause of the high H2:CO2 ratio is the well-known high solubility of  CO2 in water solution, and 
this is considered further below.  









































































Figure 2. H2 and CO2 production over time for photocatalytic methanol reforming using 
0.5%Pd/TiO2 in the liquid phase (100 mL water). The lines are simple linear fits to the data.  
 
The experiment was repeated in the gas phase to probe whether this would have an 
effect on the H2:CO2 ratio. Figure 3 shows hydrogen, carbon dioxide and carbon monoxide 
production over time using 10 mL water. Now a small amount of CO was also observed during 



































































































Figure 3. H2 and CO2 production over time for photocatalytic methanol reforming using 
0.5%Pd/TiO2 in the gas phase (10 mL water). The lines are simple linear fits to the data.  
 
There is a higher rate of hydrogen production in the gas phase compared to the liquid 
phase with 21 mL of hydrogen produced in the gas phase but only 11 mL in the liquid phase 
within 3 hours. It is possible that there is a higher ratio of methanol to water in gas phase 
reactions. Raoult’s law allows us to calculate the approximate vapour pressure of water and 
methanol at a particular temperature. The temperature of the reaction here is 40°C. At this 
temperature the vapour pressure of pure methanol is 229 mm Hg35 and the vapour pressure 
of pure water is 55 mm Hg.36 Using Raoult’s Law the vapour pressure during the gas phase 
reaction was calculated to be 1 mm Hg for methanol and 55 mm Hg for water. This gives a 
ratio of methanol to water of 1:55. In the liquid phase the molar ratio of methanol to water 
is 1:2230. This suggests that in the gas phase there would be less competition between 
methanol and water for the active sites on Pd, leading to a higher rate of methanol 
decomposition and therefore a higher rate of hydrogen production.  
  The presence of CO in the gas phase reaction and not in the liquid phase reaction is 
interesting. We have previously proposed that adsorbed CO is an intermediate during 


































































































more readily in the gas phase compared to the liquid phase.  This could be due to the higher 
temperature of the gas phase reaction (55 °C vs 40°C for the catalyst in the liquid phase). It 
has been reported that CO can start to desorb from Pd even at 300 K, at least when the 
coverage is very high, with more desorbing with increasing temperature.37 In a continuous 
flow study of methanol/water reforming in the gas phase Caravaca et al38 showed that 
thermal methanol dehydrogenation to CO dominated over photo-reforming at elevated 
temperatures, but photo-reforming dominated at 100 °C. At that temperature the CO 
production was significant and greater than CO2. Another possibility is that the CO2 produced 
during the reaction is reacting with the vacancies in the TiO2 lattice more efficiently in the gas 
phase than in the liquid phase. Finally, as reported below, the water gas shift reaction occurs 
in this system, and this may be more efficient in the aqueous phase when CO is produced in 
that phase. 
Let us now turn to how this reaction proceeds. The mechanism we propose for the 
reaction can be summarised as follows, and as shown in figure 4, which is a more detailed 
pictuire than figure 1. The first reactive step involves methanol dehydrogenation –  
 
  CH3OH à COa + 2H2 
 
where COa refers to carbon monoxide adsorbed on the Pd nanoparticles, and as shown in fig. 
4a. That this occurs at ambient temperature on pure Pd, as has been shown previously39,40. 
At this point the surface becomes unreactive, due to adsorbed CO blocking further methanol 
adsorption40, and reaction only resumes when light is introduced to the system (fig 4b). At 
that point CO2 and H2 begin to evolve from the reaction at steady state because electron-hole 
pair separation occurs by bandgap excitation, and the hole (effectively O-) is a highly reactive 
oxidant, attacks the CO at the periphery of the nanoparticles, producing CO2 as follows –  
 
  Ti4+O2- + hn à Ti3+O- 
COa + Ti3+O- à CO2 + S + Ti3+Vo- 
 













































































This then leaves a vacancy for further methanol adsorption and decomposition on the metal 
(S, fig. 4c). However, the loss of oxygen from the titania leaves an anion vacancy (fig. 4c) and 
for steady state reaction this must be re-oxidised and the only oxidant available is water, fig. 
4d, and this completes the photocatalytic cycle. 
 
  Ti3+Vo- + H2O à Ti4+O2- + H2 
 
In order to further investigate the proposal that CO2 solubility is the cause of the low 
amount of CO2 detected, the gas phase reaction was also carried out with lower amounts of 
water in the reservoir below the sample. As fig. 3 shows, using 10 ml water 21 mL of H2, 2.4 
mL CO2 and 0.96 mL CO were produced in 3 hours. This is a H2:CO2 ratio of 8.7:1. Incorporating 
CO into the ratio (H2:C) calculation gives 5.6:1 which is closer to the expected 3:1 ratio. The 








































































volume of water used during photocatalytic methanol reforming was reduced to 1 mL which 
gave a H2:CO2 ratio of 5.4:1 and H2:C ratio of 3.8:1 (fig. 5). Therefore, this suggests that with 
less water present in the reservoir to absorb the CO2, a better stoichiometric relationship in 
the gas phase products is achieved.  
 
Figure 5. Ratio of H2:CO2 and H2:C for photocatalytic methanol reforming in liquid phase and 
gas phase 
The pH of the water was recorded before and after reaction and it was noted that the 
pH decreased. CO2 dissolves in water reacts with water to produce carbonic acid (reaction 
10). 
CO2 + H2O ⇌ H2CO3       (10) 
The observed decrease in pH confirms that some of the CO2 produced during the reaction is 
dissolved in the reaction solution. To further confirm whether this was happening the 
reaction solution (gas phase, 10 mL water) was heated after the reaction and the level of CO2 







































































































Figure 6. CO2 level throughout photocatalytic methanol reforming and after reaction, during 
heating to 60 °C. The lamp was switched off at 180 mins when the heating began 
This shows that heating the reaction solution after the reaction evolves CO2. This is 
evidence that the CO2 produced during the reaction was dissolving in the reaction solution. 
After heating at 60 °C for 1 hour, the level of CO2 had risen to 6 mL. Thus the ratio of H2:CO2 
after heating was found to be 3.5:1, and 3:1 if the CO is included. Therefore this has 
demonstrated that hydrogen and carbon dioxide are produced in a ~3:1 ratio which is 
provides further support for the proposed mechanism (reaction 8). 
We also compared these data with those for Au and Cu at the same loading as Pd, and 
it can be seen that the performance is similar for Au and Cu, but with roughly half the yield as 







































































































Table 1. Rates of hydrogen evolution from liquid phase methanol reforming on 0.5 wt% 
loading of three metals. 







The photocatalytic water gas shift reaction 
It has been reported that methanol decomposes on Pd to form adsorbed CO at ambient 
temperatures.41 The proposed mechanism for photocatalytic methanol reforming suggests 
that it is adsorbed CO that is oxidised by the active oxygen species (O-) made by electron-hole 
excitation to produce an anion vacancy in TiO2, allowing water to be split, as shown in fig. 1. 
Therefore, it should be possible to use CO as the sacrificial agent/hole scavenger via the water 
gas shift reaction, and so here we report the results for the reaction, but carried out at 
ambient temperature, much lower than for the thermal reaction. 42 
The volume of gas phase CO added to the flask was varied and the rate of hydrogen 
production was recorded (fig. 7). This shows that hydrogen production increases with the 
amount of CO until 2 mL of gas have been added to the flask. Using 5 mL CO gives a slight 
reduction in hydrogen production. The trend is similar to work by Bowker et al. where a 
maximum CO volume was observed. 42 After 1 mL the hydrogen yield dropped, with 10 mL 
CO producing almost no hydrogen. This suggests that the catalyst has become near-saturated 
and the availability of free sites for adsorption is low.  
 









































































Figure 7. Hydrogen production using CO and 0.5%Pd/TiO2 in water 
The reaction using CO as a sacrificial agent was carried out in both the gas and liquid 
phases to establish whether the same trend is seen as for methanol, where higher hydrogen 
yields were found for the gas phase reaction. The hydrogen produced from CO (2mL) is shown 
below for the liquid phase and gas phase reactions (figure 8). 
 















































Left for 1 hour (2mL, liquid
phase)








































































Figure 8 shows that 2 mL CO in the gas phase generates, like methanol, approximately 
double that which is produced in the liquid phase. The solubility of CO in water is 27.6 mg L-1. 
This means that the majority of the CO will be in the gas phase, in this case where 10 ml of 
water is used. Therefore in the gas phase there is likely to be a higher CO:H2O ratio, meaning 
less competition with water, generating more hydrogen, but as mentioned above the sample 
temperature is also a little higher in the gas phase.  
The liquid phase reaction with CO was repeated, however this time the reaction 
solution was left for one hour prior to turning on the lamp to allow the CO more time to 
dissolve into the water. Figure 8 shows that there is not a significant difference between the 
two.  
The reactions using CO are further proof of the proposed mechanism and also 
highlight the effect of competition with water on the hydrogen yield. The yield of hydrogen is 
very low compared with that from methanol, but this is probably due to a combination of 
reasons. Firstly, even if all other factors were the same, the stoichiometry of the reaction 
would produce 1/3rd the amount of hydrogen (reactions 8 and 9). However, comparing the 
hydrogen production in figs. 2 and 6, the hydrogen from CO is still low by a factor of 12 or so, 
even after taking the stoichiometry into account. Of course, a major difference between the 
two reactions is that the concentration of methanol in solution is around 25 times more than 
that of CO. The further contrast, however, is that in this range of concentration variation the 
rate from methanol becomes near zero order13, whereas for CO above it becomes negative42. 
Thus, it is clear that the water gas shift reaction can take place photo-catalytically at 
near room temperature. This further implies that CO can be converted to CO2, and perhaps 
explains why none is seen in the liquid phase reaction of methanol (fig.2); but why is it seen 
in the gas phase reactions (fig. 3)? This may be because the gas has to first proceed through 
the liquid phase in the former, with a high probability of further encounter with the dispersed 
catalyst particles, whereas once produced in the gas phase reaction it can escape from the 
fixed catalyst and only reacts slowly once in that phase. 
In a different photoreactor (see appendix) broadly similar results were obtained for 
the water gas shift reaction, as shown in fig. 9 below. In this case data for three different 
metals are shown, and it is clear that, although Au photocatalysts of this type are not as good 
as Pd for methanol photoreforming43, they are considerably better for the photocatalytic 
WGS. Interestingly, there is also a small amount of methane produced on the three metals 







































































(fig 9 and table 2). The reaction between CO2 and H2 was measured to check for any 
occurrence of the RWGS reaction, carried out at low temperature, but no CO was produced, 
though some methane was produced from Pd. Note that although Cu was less active, it is a 
much more earth-abundant material and costs approximately 1/3000th the price of Au/mol, 
and it has similar activity to gold for methanol reforming, both of which have around half the 
rate for Pd. 
 
Figure 9. The photocatalytic water gas shift reaction on P25 titania and loaded with 5 wt% of 
three metals by sol immobilisation, followed by calcination and reduction at 400 °C. Amount 
of hydrogen after 2 hours of reaction.  
 
Table 2. Gas production in micromole/g from the catalysts in figure 8. 
Catalyst H2 CO2 CH4 
TiO2 0 0 0 
Pd/TiO2 464 530 24 
Au/TiO2 1215 1555 36 
Cu/TiO2 66 95 11 
 
In conclusion we have shown that Pd photocatalysts subtend the photo-reforming of 
methanol to produce hydrogen and carbon dioxide. The latter may be observed to evolve in 
smaller than expected amount, due to the high solubility in water. Higher rates of hydrogen 



































































































and then small amounts of CO are also produced. CO can also be reformed photo-catalytically 
to produce hydrogen (photocatalytic water gas shift reaction), but at a much lower rate than 
for methanol. Au appears to be a much better catalyst for that reaction, giving 3 fold higher 
rates than Pd. These findings support a model in which methanol is initially decomposed on 
the metal nanoparticles, leaving CO strongly adsorbed there, and which therefore acts as a 
poison to the steady state catalytic reaction. However, when exposed to UV light, reactive 
oxygen species (O-, the hole) are produced on the TiO2 by electron-hole excitation, which can 
then remove the CO as CO2, and give anion vacancy sites in the lattice which are capable of 
reducing water, and so maintain a steady state reaction. 
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